properties, the piezoelectric, pyroelectric, electro-optic, and photoelastic effects have large associated coefficients and therefore exaggerated effects [1, 2] . These favorable properties have made lithium niobate an important material for waveguides and acousto-optic devices, where it has found use as surface acoustic wave (SAW) devices [3] , acousto-optic modulators [4] , electro-optic modulators [5] , waveguides [6] , and second-harmonic generators [7] among various other devices. Producing this material in thin film form gives multiple advantages compared to bulk material including monolithic structures and heterojunctions for complex integrated devices, higher index mismatch waveguides for tighter wave confinement and lower evanescent losses, lower required drive voltages, and the possibility of enhanced and engineered properties by doping and strain.
Lithium niobate is a mature technology when considering bulk Czochralski grown material, but epitaxial thin films have yet to make commercial impact as research was largely abandoned in the late 1990s and early 2000s in favor of ion sliced or "smart cut" lithium niobate [8] . Ion slicing is a method of cleaving a bulk wafer along a plane weakened by H + or He + ion implantation, completed by wafer bonding and transfer. While ion sliced lithium niobate has been successful in providing "thin film" materials, it has significant limitations. Ion sliced material is limited to thicknesses greater than ≈ 500 nm, it must be polished to improve the surface roughness, it cannot be centrally incorporated into heterostructures, and it must be annealed at high temperatures to regain the electro-and nonlinear optical
properties [8] .
Epitaxial lithium niobate will be commercially viable only if the crystal quality can be improved to minimize optical and acoustic losses to acceptable values, especially if it can be grown on a low index material such as sapphire. Previous techniques used to grow thin film lithium niobate include sputtering [9] [10] [11] [12] [13] , sol-gel methods [14] , pulsed laser deposition (PLD) [15] [16] [17] [18] , liquid phase epitaxy (LPE) [19, 20] , chemical vapor deposition (CVD) [21] [22] [23] [24] , and molecular beam epitaxy (MBE) [25] [26] [27] [28] [29] on substrates including LiNbO3, LiTaO3, Al2O3, and SiC. Most of these methods produce material with 60° rotational domains and large symmetric rocking curves. Rotational domains are undesirable in optical devices due to scattering at domain boundaries. LPE produces material of nearly bulk quality with symmetric rocking curves of 11 arcsec, but in-plane structural characterization was not reported [19, 20] . PLD grown material has also shown near-bulk rocking curves of 13 arcsec but reported rotational domains [18] . Other PLD grown material is single domain, but with a larger symmetric rocking curve of 612 arcsec [15] . 
II. EXPERIMENT

A. Growth System
The films grown in this work are produced in a Varian Gen-II MBE system which has been customized for the growth of lithium niobium oxides using a lithium assisted metal-halide growth chemistry discussed in detail by
Henderson et al. [31] . The method involves the sublimation of NbCl5, present as the dimer Nb2Cl10, from a custom water and filament heated near-ambient cell [32] . A custom substrate heater is used in this MBE system to allow growth at high temperatures in a corrosive oxygen and chlorine environment. The heater consists of a thick tantalum filament encased in pyrolytic boron nitride. The substrate can be heated to 1000°C in an oxygen background of 6.67 × 10 -6 kPa.
B. Substrates
Lithium niobate is a trigonal crystal in the r3c space group with a unit cell comprised of oxygen octahedra with interstices that are one third lithium, one third niobium, and one third vacant [1] . The hexagonal oxygen sublattice forms layers in the basal plane, and in the ferroelectric phase the lithium atoms are positioned 0.37 Å above or below these layers, with both sites equally energetically favorable [1] .
This offset produces the polar and ferroelectric nature of lithium niobate. A sufficient applied field shifts the lithium atoms across the oxygen layer switching the polarity [1] .
The hexagonal relationship in the crystal structure that will be exploited for epitaxy on sapphire is not the supercell based hexagon a = 5.148 Å but the pseudo-hexagonal average oxygen sublattice a = 2.986 Å which is 30 degrees rotated from the supercell. The three distinct atomic distances are a1 = 2.718 Å, a2 = 2.878 Å, and a3 = 3.363 Å.
This distinction is illustrated in Fig 1 .
In order to understand the role of the substrate on film quality and nucleation, films in this work were grown on both lattice matched and mismatched substrates. The lattice parameters and coefficient of thermal expansion (CTE) of selected substrates and nucleation layers are given in Table   I . For lattice mismatched growth, c-plane (006) sapphire was used, and for lattice matched growth c-plane LiTaO3 was used which has been shown to be more vacuum stable than LiNbO3 [33, 34] .
The 1 cm square substrates are backside metallized with ~2 μm chrome followed by ~2 μm chrome oxide in a Denton Discovery reactive sputtering system. The substrates are then cleaned by solvents followed by H2SO4:H2O2 in a 4:1 ratio at 120℃ before loading into an introductory vacuum chamber and degassed at 200℃ for 1 h. 
C. Characterization
The films in this work were structurally characterized by x-ray diffraction (XRD) using a Phillips X'pert Pro MRD with a hybrid parabolic mirror/Ge 4-bounce crystal monochromator delivering Cu-Kα1 radiation (λ = 1.54056 Å)
in both double-and triple-axis geometries. For double axis measurements, a 0.0625° slit was used on the incident optics and a 0.25° slit was used on the detector optics. For tripleaxis measurements no slits were used on the incident optics.
Symmetric scans were used to determine c-spacing strain and uniformity, single phase nature, tilt angle, and thickness when applicable. Asymmetric scans were used to analyze films for rotational domains and twist.
The surface morphology of the lithium niobate films was analyzed by a Veeco atomic force microscopy (AFM) system in tapping mode using silicon probes with a tip radius of 7 nm and theoretical horizontal resolution of 5 nm.
III. RESULTS
A. Lattice Mismatched Substrate
LiNbO3 thin films were grown on c-plane Al2O3
substrates to analyze the effects of lattice mismatch on nucleation, structure, and morphology. Al2O3 has a pseudohexagonal structure with a weighted lattice constant shown in Table I giving a mismatch of 8.7% with LiNbO3.
Additionally, the CTE of LiNbO3 is nearly 3 times larger than that of sapphire. Because of this large lattice mismatch, films are expected to relax quickly during growth and undergo tensile strain during cool down due to the CTE mismatch. Pendellösung fringes indicate a thickness of 57 nm.
An asymmetric rocking curve of the LiNbO3 (012) reflection was also obtained in a skew geometry. The Twin plane suppression of lithium niobate on sapphire has been previously theorized from the standpoint of energetics [21, 22] . A slightly energetically unfavorable cation alignment between Al, Li, and Nb exists at the interface, but it was shown that below 700℃ there is not enough thermally driven surface diffusion for all nucleation sites to form in the lowest energy configuration resulting in the growth of rotational domains. In MOCVD growth, which has produced some of the higher quality films, this lower limit for substrate temperature is a significant issue due to undesirable gas phase reactions which occur above 650 -700℃ and can degrade the quality of the films as measured by symmetric XRD rocking curve [21] . By growing these MBE films at 1000℃, twin planes are eliminated. These two general features, the inverse relationship between nuclei density and substrate temperature and the direct relationship between grain size and temperature, are common in epitaxy and has been observed before in the CVD growth of lithium niobate on sapphire [21, 22] . 
B. Lattice Matched Substrate
Lithium niobate films were also grown on c-plane lithium tantalate which is lattice matched (0.12% mismatch) and isostructural. Films were grown under similar conditions to the films grown on sapphire at 1000℃. In order to avoid cracking due to thermal expansion, samples must be mounted in housings with significant expansion room (≫200 μm for a 1 cm square sample) and loose mechanical retaining clips to decrease the force on the sample surface [40] and transitioned at slow temperature ramp rates ≤20℃/min. 
